ELSEVIER

Available online at www.sciencedirect.com

sc.eucs@p.“m

Pharmacology, Biochemistry and Behavior 83 (2006) 208 —213

PHARMACOLOGY
BIOCHEMISTRY
AND

BEHAVIOR

www.elsevier.com/locate/pharmbiochembeh

Neuroprotective effects of olanzapine in a rat model of
neurodevelopmental injury

John G. Csernansky *°*, Maureen V. Martin ?, Barry Czeisler *, Mitchell A. Meltzer ?,
Zulfigar Ali *, Hongxin Dong *

* Department of Psychiatry, Washington University School of Medicine, St. Louis, Missouri 63110,USA
® Department of Anatomy and Neurobiology, Washington University School of Medicine, St. Louis, Missouri 63110, USA

Received 12 September 2005; received in revised form 9 January 2006; accepted 25 January 2006
Available online 9 March 2006

Abstract

Recent clinical studies have suggested that treatment with atypical antipsychotic drugs, such as olanzapine, may slow progressive changes in
brain structure in patients with schizophrenia. To investigate the possible neural basis of this effect, we sought to determine whether treatment with
olanzapine would inhibit the loss of hippocampal neurons associated with the administration of the excitotoxin, kainic acid, in neonatal rats. At
post-natal day 7 (P7), rats were exposed to kainic acid via intracerebroventricular administration. Neuronal loss within the CA2 and CA3 subfields
of the hippocampus and neurogenesis within the dentate gyrus of the hippocampus were then assessed at P14 by Fluoro-Jade B and BrdU labeling,
respectively. Daily doses of olanzapine (2, 6, or 12mg/day), haloperidol (1.2 mg/kg), melatonin (10 mg/kg), or saline were administered between
P7 and P14. Melatonin is an anti-oxidant drug and was included in this study as a positive control, since it has been observed to have
neuroprotective effects in a variety of animal models. The highest dose of olanzapine and melatonin, but not haloperidol, ameliorated the
hippocampal neuronal loss triggered by kainic acid administration. However, drug administration did not have a significant effect on the rate of
neurogenesis. These results suggest that olanzapine has neuroprotective effects in a rat model of neurodevelopmental insult, and may be relevant

to the observed effects of atypical antipsychotic drugs on brain structure in patients with schizophrenia.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Nearly twenty years ago, it was hypothesized that the neuro-
anatomical abnormalities associated with schizophrenia might
be the result of a static neurodevelopmental defect (Weinberger,
1987; Crow et al., 1989). However, it has also been reported that
ventricular enlargement and volume loss in some brain struc-
tures is progressive during the course of the illness (Woods,
1998; DeLisi, 1999). In patients with childhood-onset schizo-
phrenia, progressive losses of cortical gray matter have been
observed (Thompson et al., 2001). Also, Pantelis et al. (2003),
have reported progressive decreases in the volume of temporal
lobe structures in young adult patients who are transitioning
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from having prodromal symptoms of schizophrenia to having
the full form of the disorder.

Reports of progressive neuroanatomical abnormalities in
subjects with schizophrenia suggest that neurodegeneration
may occur during the pathogenesis of the disorder. If such
observations are confirmed, treatments for schizophrenia should
be assessed for their effects on neurodegenerative processes that
may be relevant to schizophrenia. A variety of neurodegener-
ative mechanisms have been hypothesized to be involved in
schizophrenia. Olney et al. have suggested that a developmental
deficit of GABA interneurons could place an individual at later
risk for neuronal injury via the uncontrolled activity of excita-
tory glutamatergic neurons (i.e., excitotoxicity) (Olney et al.,
1999). Excitotoxicity is an attractive mechanism to explain
neuronal injury in schizophrenia because it could be initiated
and/or maintained through a variety of abnormally regulated
neurotransmitter systems, including the monoamines (Farber et
al., 1998) and acetylcholine (Olney et al., 1999). Also among
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such transmitter systems are the glucocorticoid stress hormones
(Sapolsky, 2000), which could be triggered by environmental
stressors, such as those (e.g., famine) that have been associated
with an increased incidence of schizophrenia (Susser et al.,
1998).

Another attractive theory to explain neuronal degeneration in
schizophrenia is the inappropriate activation of apoptosis, a
process normally associated with the elimination of redundant
neurons during neurodevelopment (Johnson et al., 1995). Apo-
ptosis occurs through a cascade of gene activation, which in-
cludes genes that both promote (i.e., BAX) (Schlesinger et al.,
1997) and oppose (i.e., BCL-2) the process (Craig, 1995). In
neonatal rats, we have shown that brief exposure to sublethal
doses of the excitotoxin, kainic acid (KA), leads to a progressive
loss of hippocampal neurons, and that apoptosis is the mecha-
nism underlying this process (Montgomery et al., 1999). Also,
the delayed neuronal loss triggered by KA administration at P7
is accompanied by an increase in neurogenesis, with some of the
newly born neurons appearing to migrate to the pyramidal cell
fields of the hippocampus (Dong et al., 2003). These results are
consistent with observations previously made in adult animals
exposed to KA (Bengzon et al., 1997). Thus, excitotoxic insults
early in life, such as those that might be associated with hypoxia
or other forms of perinatal trauma (Olney et al., 1999), could
initiate a progressive process involving both the elimination and
reorganization of neurons via apoptosis and neurogenesis.

The primary objective of this study was to determine whether
treatment with olanzapine, a commonly used atypical antipsy-
chotic drug, would inhibit the loss of hippocampal neurons and
increase in hippocampal neurogenesis associated with the ad-
ministration of the KA in neonatal rats (Dong et al., 2003).
Olanzapine was selected for this study because of the results of
a recent comparison of the long-term effects of olanzapine and
haloperidol in patients with first-episode schizophrenia (Lieber-
man et al., 2005). In this study, treatment with haloperidol was
associated with a greater rate of cortical gray matter loss than
olanzapine, suggesting that the olanzapine might have had a
special capacity to slow the neurodegeneration associated with
schizophrenia.

2. Methods
2.1. Subjects

Sprague—Dawley dams with litters (8§—12 pups per dam) were
obtained from Harlan Bioproducts (Indianapolis, IN, USA). At
post-natal day 7 (i.e., P7), pups were randomly assigned to one
of six experimental groups. A total of 51 Spraque—Dawley rat
pups were used in this study (6—10 animals per drug admini-
stration group). Procedures involving animals were conducted in
accordance with institutional guidelines that are in compliance
with national laws and policies.

2.2. Kainic acid administration

KA was administered to neonatal rats at P7 as previously
described (Dong et al., 2003). Briefly, rat pups were taped to a

surgical platform attached to a Kopf stereotaxic apparatus
(Tujunga, CA), anesthetized with a 4% halothane/oxygen mix-
ture, and maintained during surgery with a 1-4% halothane/
oxygen mixture using a Fluotec atomizer (Fraser-Sweatman,
Buffalo, NY). The scalp was swabbed with 10% betadine so-
lution and 0.05 cc lidocaine was injected subcutaneously at the
site of the incision. A 1cm long incision was made exposing
bregma. Then, a 25-gauge needle attached to a 1l Hamilton
syringe was slowly lowered into the right ventricle using the
following coordinates with respect to bregma: 4/P=—1.0; M/
L==+1.1; D/V=-3.3. A total of 6.35nmol KA (Sigma, St.
Louis, MO) in 0.5l saline was injected into the ventricle at a
rate of 0.1 pl every 2 min. The needle was then slowly raised and
the procedure was repeated for the left ventricle. Afterwards, the
needle was slowly withdrawn from the brain and the incision
was sealed with a topical tissue adhesive. Animals were placed
on a warm heating pad to recover and monitored until awake.

2.3. Drug treatment

Beginning on P8, 24h after KA administration, animals
were administered olanzapine at one of three doses (2, 6, or
12mg/kg), haloperidol at one dose (1.2 mg/kg), the anti-oxidant,
melatonin (10mg/kg), or saline. The doses of olanzapine, and the
single dose of haloperidol, were selected based on the results of
prior studies in our laboratory in which the effects of these drugs
were tested on locomotion in adult rats that had been admin-
istered KA (Bardgett et al., 2002). Melatonin has been previously
observed to inhibit neurodegeneration related to both apoptosis
(Pandey et al., 2003) and excitotoxicity (Chandrasekaran et al.,
2004), and so was administered as a positive control. Beginning at
P8, animals received i.p. injections of drug each day for six days.
Because of olanzapine’s short half life in rodents, the daily dose of
olanzapine (as well as all other drugs to maintain consistency) was
divided in half and administered twice daily. Haloperidol was
prepared by dissolving 30mg in 100l 20% acetic acid, and then
diluting with saline to a final volume of 10ml. Olanzapine was
prepared by dissolving the 2, 6, or 12mg/kg in 25, 50, or 150 ul
of 20% acetic acid, respectively, and then diluting the solution
with saline to a final volume of 2.5, 5, or 15ml. Melatonin
(10mg/kg) was prepared by dissolving 5mg of melatonin in 40 ul
100% ethanol and then diluting the solution with saline to
achieve a final volume of 2ml. Using these final solutions, the
drugs were administered in a constant volume (2ml/kg) to each
animal. Control animals were administered the same volume
(2ml/kg) of saline.

2.4. Tissue preparation and confirmation of KA-induced
neuronal loss

On P14, animals were deeply anesthetized with 60mg/kg
pentobarbital (i.p). Animals were then transcardially perfused
for 2min with 5ml of 1% heparinized 0.01 M phosphate buf-
fered saline (PBS) followed by 50ml of 4% paraformaldehyde
in 0.1M PBS over 15-20min. The brains were then removed
and post-fixed at 4°C for at least 24h in 20% sucrose and 4%
paraformaldehyde in 0.1M PBS. The brains were then
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embedded in Tissue-Tek embedding medium (Electron Micros-
copy Sciences, PA) and sectioned 35um thick at coronal plan
using a cryostat.

To confirm the distribution of neuronal loss seven days after
KA administration, Nissl staining was performed. Three coronal
sections of the brain were selected in each animal to represent
the anterior, intermediate, and posterior regions of the hippo-
campus and mounted to gelatin-coated slides. Slides were air-
dried overnight. The slides were then rinsed by dipping in
double distilled water ten times and then they were submerged
in a 15% thionin solution for 30—60s, until staining reached the
desired intensity. The slides were then immersed in a graded
series of ethanol for periods of 5 min in the following order:
50%, 70%, 90%, 100%, 100%, and 100%. Slides were then
transferred to three successive baths of xylenes for periods of
Smin and coverslipped. The distribution of neuronal loss was
then assessed using light microscopy.

2.5. Fluoro-Jade B labeling of degenerating neurons

Degenerating neurons were labeled on P14 with Fluoro-Jade
B (FJB). FJB has been previously used to assess neurodegen-
eration following KA administration in rats and mice (Riba-
Bosch and Perez-Clausell, 2004; Sriram et al., 2002; and Zuc-
chini et al., 2002). FJB labels degenerating neurons, regardless
of the cause of cellular degeneration (Schmued and Hopkins,
2000), possibly through its electrostatic attraction to poly-
amines, such as aminopropyl-butanediamine, diaminobutane,
and diaminopentane, that are characteristic of degenerating
neurons (Schmued and Hopkins, 2000). To assess FIB labeling,
every 6th section beginning at the first hippocampal section was
selected for staining. The sections were mounted on 2% pig skin
gelatin-coated slides to increase adherence of the tissue to the
slide during staining, and dried on a slide warmer for 1h. The
slides were then immersed in 100% ethanol for 3 min, followed
by 70% ethanol for 2min. The slides were then transferred into
double distilled water for 2min, 0.06% potassium permanga-
nate for 15min, rinsed in double distilled water for 2min, and
then labeled with a 0.0004% solution of FJB in 0.1 acetic acid
for 30min. The slides were rinsed afterwards with double
distilled water and coverslipped with 75% glycerol in 0.01M
PBS. The sections were visualized under 465-495nm excita-
tion and the numbers of FJB-labeled neurons in the CA2/CA3
subfields were visually quantified in eight sections per animal.
The CA2/CA3 subfield was selected for quantifying FIB-la-
beled neurons because these subfields show disproportionate
cell loss following KA administration in neonatal rats (Hum-
phrey et al., 2002). The boundary between CA1 and CA2/3 was
primarily determined by evaluating the thickness of the pyra-
midal cell layer. The individual quantifying the number of FIB-
labeled cells was blind to the drug that had been administered to
the animal.

2.6. BrdU labeling of proliferating cells

Three doses of 5-bromodeoxyuridine (BrdU) were admin-
istered 24 h apart for three days (P11-13) prior to perfusion on

P14. BrdU was prepared by dissolving 100mg in 10ml saline
and then sonicating the solution at 37°C for 40min. Each
animal received 50mg/kg of BrdU (i.e., Sml/kg of the BrdU
solution).

To quantify BrdU labeling, every 6th section beginning with
the first section in which the hippocampus was visible was
selected for staining (total of eight sections per animal). The
free-floating sections were then rinsed 3 times for Smin each
with 0.01 M PBS. After denaturation of the DNA in 2 N HCL
for 60min at 37°C, the sections were neutralized by rinsing
them in 0.1 M borate buffer twice for 5min. Next, the sections
were rinsed with 0.01M PBS three times for period of 5Smin.
The sections were then incubated in a blocking solution con-
taining 5% normal horse serum and 0.3% triton in 0.01 M PBS
for 1h at room temperature. The sections were then incubated in
anti-mouse BrdU primary antibody (1:800 in blocking solu-
tion; Boehringer-Mannheim, Indianapolis, IN) at 4°C over-
night. On the following day, the sections were rinsed three times
for periods of Smin with 0.01M PBS and then incubated in
horse anti-mouse secondary antibody (one drop in 20 ml block-
ing solution; Vector Laboratories) at room temperature for 2h.
The sections were then rinsed 3 times for periods of Smin and
incubated in avidin—biotin complex (Vector Laboratories) in
0.1M PBS for 1h at room temperature. The sections were then
rinsed three times for periods of S5min and BrdU-positive cells
were visualized by incubating the sections with diaminobenzi-
dine (DAB) solution (Vector Laboratories) for 10min. Finally,
the sections were rinsed three times with 0.01 M PBS, mounted
to gelatin-coated slides, air-dried overnight, rinsed with double
distilled water, and air-dried overnight again. After immersing
the slides in xylenes three times for 5min, they were cover-
slipped. BrdU labeling was visually quantified in the dentate
gyrus of the hippocampal formation in eight sections per ani-
mal. The individual quantifying the number of BrdU-labeled
cells was blind to the drug that had been administered to the
animal.

To account for variability in the total numbers of neurons in
tissue sections across animals, the densities of FJB- and BrdU-
labeled neurons per total neuron number were measured and
used in all data analyses. The density FJB- and BrdU-labeled
neurons in the CA2/CA3 and dentate gyrus subfields (cells per
mm®) were calculated by multiplying the total number of cells
counted by 10* and dividing by the total sample volume. The
sample volume was determined by measuring the area using the
C.A.S.T.-Grid software (Olympus, Denmark), which is includ-
ed in the Olympus Stereologer program. To obtain a volume, the
area was multiplied by the section thickness (35 um).

2.7. Data analysis

Data from eight animals were not included in the analyses. In
four of these animals (one saline-injected and one from each
olanzapine group), neuronal loss within the hippocampal for-
mation could not be identified. Four other animals died during
the week following surgery. Two of these animals had been
administered 6 mg/kg of olanzapine and two had been adminis-
tered 2mg/kg of olanzapine.
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Data were analyzed using one-way ANOVAs to determine
whether there was an overall effect of drug administration on
the two dependent variables (densities of FJB- and BrdU-
positive cells). Post hoc, between-group difference comparisons
were made using Fisher’s PSLD tests.

3. Results

Mean numbers of FIB- and BrdU-labeled cells in each of the
experimental groups are given in Table 1. ANOVA revealed a
significant effect of drug administration on the observed density
of FJB-labeled cells [F(537)=3.77, p=0.007)]. Between-group
comparisons revealed a statistically significant reduction in the
density of FJB-labeled neurons in animals administered mela-
tonin (p=0.02) and in animals administered the highest dose of
olanzapine (12mg/kg) (p=0.01). Reductions in FJB labeling
(~50%) compared to saline controls were also seen in animals
that had been administered the two lower doses of olanzapine,
but these reductions did not attain significance (olanzapine,
2mg/kg—p=0.055 and olanzapine, 6 mg/kg—p=0.15). The
between-group comparison of haloperidol-administered ani-
mals and saline controls was not significant (p=0.44).

The ANOVA examining the effect of drug administration on
the density of BrdU-positive cells was not significant (F(537)=
1.58, p=0.19).

4. Discussion

The results of this study suggest that olanzapine at the highest
dose tested ameliorated the hippocampal neuronal loss associ-
ated with intracerebraventricular KA administration in neonatal
rats. Melatonin, but not the single dose of haloperidol tested, also
ameliorated hippocampal neuronal loss in this animal model of
neurodevelopmental injury. The neuroprotective effects of
melatonin in this model were reassuring and support the validity
of this animal model for detecting the neuroprotective actions of
other drugs. Although increases in the density of BrdU-positive
cells were noted in animals that had received both olanzapine
and haloperidol, the effects of both antipsychotic drugs on the
rate of cell proliferation in the hippocampus following
intracerebroventricular KA administration was not significant.

Relatively little is known about whether drugs currently used
to treat schizophrenia, including olanzapine, can inhibit
neurodegeneration in animal models of excitotoxicity or
apoptosis. Farber et al. (1996), showed that olanzapine,

Table 1

Drug administration FJB-labeled cells* BrdU-labeled cells*
(Mean+SD) (Mean+SD)

Saline 8.1+33.5 69.4+42.0

Haloperidol (1.2mg/kg) 4.74£33.2 132.6£104

Melatonin (10mg/kg) 8.3+£8.06 78.3+44.5

Olanzapine (2mg/kg) 15.0+16.1 105.3£26.6

Olanzapine (6 mg/kg) 18.0+£22.7 116.0+41.4

Olanzapine (12mg/kg) 5.4+5.60 132.7+44.5

*Number of FJB- and BrdU-positive cells per um® x 10°. See text for location of
histological sections.

fluperlapine and clozapine blocked the neurogeneration asso-
ciated with the administration of NMDA antagonists in rats.
Similar results have been more recently reported by Wang et al.
in neonatal rats administered repeated doses of phencyclidine
(Wang et al., 2001). While the mechanism of such neuropro-
tective effects is not known, it may involve blockade of choli-
nergic receptors by these drugs, since the rat model of NMDA
neurotoxicity has been linked to the excessive release of acetyl-
choline caused by a defect in GABA neurotransmission (Kim et
al., 1999). Further, agonists at the nicotinic acetylcholine recep-
tor have also been shown to have neuroprotective properties in
rodent models of NMDA-induced neurotoxicity (Wenk et al.,
1997), and in neuronal cultures deprived of trophic factors
(Jonnala and Buccafusco, 2001; Jonnala et al., 2003). The
effects of olanzapine in the present study would be consistent
with such models in that olanzapine, but not haloperidol, is an
antagonist at several muscarinic cholinergic receptors. Alterna-
tively, olanzapine may also have had more direct effects on
intracellular processes thought to be involved in apoptotic cell
death. For example, olanzapine has recently been shown to up-
regulate expression of superoxide dismutase and down-regulate
the expression of the low affinity nerve growth factor p75 in
PC12 cells (Li et al., 1999), and increases in SOD and decreases
in p75 have previously been associated with reduced cell death
in these cell culture systems.

The results obtained in this study may be specific to the time
points selected for KA administration and assessment of FJB
and BrdU labeling. We chose to examine these cellular markers
of neurodegeneration and neurogenesis at P14 because of our
previous experiments administering KA to neonatal rats, which
showed that the greatest changes in such markers at this time
point (Dong et al., 2003). However, after KA administration to
neonatal rats at P7, there is evidence of increased neurodegen-
eration and neurogenesis well into pubesence (Dong et al.,
2003). Because mechanisms underlying apoptosis may differ in
the neonatal and adult rat (Johnston et al., 2002), it is unclear
from the present study whether olanzapine may have neuro-
protective effects on the neurogeneration produced by KA (or
other excitotoxins) at other age time points.

A limitation of this study includes the small sample size,
which may have resulted in Type II error. To examine this
possibility, a retrospective power analysis was performed. The
sample size used only gave us weak power to detect a significant
effect of drug administration on the rate of neurogenesis in the
dentate gyrus of the hippocampus in all groups (power=0.48).
The power to detect a significant effect on FIB labeling in the
hippocampus in all groups was higher (power=0.90); therefore,
the possibility of Type II error for this measure was less likely.

Another limitation of the current study includes the lack of
sham lesion control. This would have allowed us to determine
whether olanzapine’s effects on neurodegeneration were spe-
cific to apoptosis induced by KA, or whether apoptosis related to
normative developmental events was also affected. Also, in this
study, we did not verify that FIB-labeled cells were degenerating
via an apoptosis-related mechanism. However, in two previous
studies of KA-induced hippocampal neurodegeneration, we
confirmed the presence of apoptotic neurons in KA-
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administered rats using morphological criteria at the light and
electron microscope level (Dong et al., 2003). Finally, it should
be kept in mind that olanzapine administration may have
appeared to ameliorate neurodegeneration by affecting tissue
quality, which might alter the penetration of dyes such as FJB.
However, this would seem to be unlikely as similar decreases in
BrdU labeling were not observed in animals administered
olanzapine.

The results of this study should not be interpreted to suggest
that olanzapine has a unique neuroprotective capacity. We only
tested the effects of a single dose of the reference antipsychotic
drug, haloperidol, and no other atypical or conventional
antipsychotic drugs. Thus, it remains possible that other doses
of haloperidol or other conventional or atypical antipsychotic
drugs could have neuroprotective effects in this animal model
similar to the effect we observed for the highest dose of olan-
zapine. It should also be noted that it is difficult to compare the
dose of olanzapine observed to have neuroprotective effects in
this animal model with the doses of olanzapine that are typically
used to treat patients with schizophrenia. Nonetheless, the neu-
roprotective effect we observed with the relatively high dose of
olanzapine used in this study (i.e., 12mg/kg) suggests a hypo-
thetical basis for the effects of olanzapine on the rate of cortical
gray matter loss in patients with schizophrenia (Lieberman et
al., 2005).

Recent clinical studies testing the effects of olanzapine on
cognition and social function may be relevant to the question
of whether olanzapine has neuroprotective effects in patients
with schizophrenia. For example, in patients with schizophre-
nia, the capacity to halt progression or even reverse the
cognitive deficits associated with schizophrenia (Green, 1996)
may be indicative of a drug’s capacity to inhibit neurodegen-
eration. In this regard, olanzapine has been shown to improve
several cognitive deficits associated with schizophrenia
(Purdon, 2000). Also, in a long-term controlled comparison
of olanzapine and haloperidol, subjects treated with olanzapine
showed gradual improvements in social performance and the
capacity for work (Hamilton et al., 2000). However, most
importantly, a recent comparison of the effects of olanzapine
and haloperidol on brain structure in patients with first-episode
psychosis suggested that treatment with olanzapine may slow
the progressive reduction in cortical gray matter associated
with the early stages of schizophrenia (Lieberman et al., 2005).
While KA-induced hippocampal neurodegeneration is not a
rodent model of schizophrenia per se, the effects of olanzapine
observed in this study suggest an avenue of investigation to
further investigate the neuroprotective effects of olanzapine
and other antipsychotic drugs.

More research is needed to study the effects of conventional
and atypical antipsychotic drugs in this and other animal models
of neurodegeneration. These studies are needed to determine
whether the effects of olanzapine observed in this study can be
generalized to other models and other drugs. In addition, the
effects of antipsychotic drugs could be investigated in neuronal
culture models of cell death to allow for the detailed investi-
gation of the underlying mechanisms associated with any neu-
roprotective effects. If clinical studies continue to support the

hypothesis that treatment with at least some of the antipsychotic
drugs can slow or even halt neurodegenerative processes that
may be associated with schizophrenia, it will be critical to
identify the mechanism by which such a benefit occurs. Identi-
fication of such a mechanism(s) could suggest entirely new
strategies for the development of drug treatments for patients
with schizophrenia.
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